Context. The study of pulsation in pre-main-sequence intermediate mass stars represents an important tool to derive information on the stellar parameters and structure, as well as to test the validity of current theoretical models. The interest for this class of variable stars has significantly increased during the last decade and about 30 members are presently known in the literature. Aims. A new observational study of the Herbig Ae star VV Ser has been performed in order to detect and accurately measure pulsation frequencies in the δ Scuti range, thus enlarging the sample of known pulsators and contributing to the empirical definition of the pre-main-sequence instability strip. As it belongs to the continuous field of view of the asteroseismological satellite COROT, this study also aims at characterizing the properties of VV Ser as a potential "COROT additional program" candidate. Methods. CCD time series photometry in the Johnson V filter has been obtained during three consecutive years. The resulting light curves have been subject to detailed frequency analysis and the derived frequencies have been compared to model predictions. Results. Seven pulsation frequencies have been measured on the basis of the best dataset obtained in 2004, ranging from ∼ 31 to ∼ 118 µHz, with an accuracy of the order of 0.5 µHz. The comparison with an extensive set of asteroseismological models shows that all the observed periodicities can be reproduced if the stellar mass is close to 4M⊙. Conversely, the measured frequencies can be associated to p modes only if the effective temperature is significantly lower than that obtained from the spectral type conversion.
Introduction
Pre-Main sequence (PMS) stars with masses larger than 1.5 M ⊙ are known as Herbig Ae/Be stars (Herbig 1960) . In general, they are found within star forming regions and show variable emission lines (especially Hα), as well as strong infrared excess caused by the presence of circumstellar material (dust). In addition, Herbig
Send offprint requests to: V. Ripepi Ae/Be stars are characterized by photometric and spectroscopic variability on time scales of minutes to years, mainly due to photospheric activity and interaction with the circumstellar environment (see e.g. Gahm et al. 1995 , Böhm & Catala 1995 .
Considerable theoretical work has been done recently that has advanced our understanding of PMS evolution (e.g. Palla & Stahler 1993 ; D'Antona & Mazzitelli 1994, Swenson et al. 1994 ). Yet, there remain differences in the models owing to alternative treatments of convection, opacities and the zero-point of the calculated ages. It is therefore desirable to find independent tools to constrain PMS evolutionary tracks and, in turn, the internal structure of intermediate-mass PMS stars.
Asteroseismology of Herbig Ae/Be stars can in principle allow us to test PMS models by probing their interiors. It is now well established that intermediatemass PMS stars during their contraction towards the MS cross the pulsation instability strip of more evolved stars, giving origin to a variable class named PMS δ Scuti stars (Kurtz & Marang, 1995 , Marconi & Palla, 1998 , Catala 2003 . The existence of pulsating Herbig Ae stars was originally proposed by who discovered two candidates in the young open cluster NGC 2264. More than 20 years later, the suggestion was confirmed by Kurtz & Marang (1995) and Donati et al. (1997) who observed δ Scuti-like pulsations in the Herbig Ae stars HR 5999 and HD 104237, respectively.
The first theoretical investigation of the PMS instability strip based on non-linear convective hydrodynamical models was carried out by Marconi & Palla (1998) who calculated its topology for the first three radial modes. A subsequent theoretical work by Suran et al. (2001) made a comparative study of the seismology of a 1.8 M ⊙ PMS and post-MS star. Suran et al. (2001) found that the unstable frequency range is roughly the same for PMS and post-MS stars, but that some nonradial modes are very sensitive to the deep internal structure. In particular, it is possible to discriminate between the PMS and post-MS phase using differences in the oscillation frequency distribution in the low frequency range (g modes).
Since the work by Marconi & Palla (1998) , many new PMS δ Scuti candidates have been observed and the current number of known or suspected candidates amounts to about 30 stars (see e.g. Zwintz et al. 2004 . However, only a few stars have been studied in detail (e.g. Ripepi et al. 2003 , Böhm et al. 2004 , so that the overall properties of this class of variables are still poorly determined.
In this context, our group has started in the year 2000 a systematic photometric monitoring program of Herbig Ae stars with spectral types from A to F2-3 (see e.g. Marconi et al. 2000 , Ripepi et al. 2002 , Pinheiro et al. 2003 , Ripepi et al. 2003 . The aims were: 1) to identify observationally the boundaries of the instability strip for PMS δ Scuti pulsation; 2) to study in detail through multisite campaigns selected objects showing multiperiodicity. As part of this long-term project, we present here a new observational study devoted to the Herbig Ae star VV Ser. In addition to the motivation mentioned above, this star conveniently falls in the continuous field of view of the asteroseismological satellite COROT (corot.oamp.fr). Thus, VV Ser represents a potential "additional program" candidate ). In the next section, we discuss the properties of VV Ser; in Section 3 we describe the observations and data reduction; in Section 4 we deal with the frequency analysis; in Section 5 we present a comparison with theoretical predictions. Finally, a brief summary closes the paper.
Stellar parameters of VV Ser
The variable star VV Ser was identified as a young Ae star in the seminal work by Herbig (1960) on emission line stars associated with reflection nebulae. The star is located in the Serpens molecular cloud (Chavarria et al. 1988 ) and has been widely studied in literature, although its properties and position in the HR diagram are still rather uncertain . In the following, we present an overview of the current observational status of VV Ser.
-Spectral type and luminosity class: We report in Table 1 (first column) all the independent mea-surements of spectral type (ST) found in literature. The uncertainty is large with ST varying between B1e-B3e and A3e. The determination of the earliest type by Finkenzeller & Mundt (1984) is based on the HeI 5876Å line which was later found to be associated with the hot regions of accretion disks (see Rostopchina et al. 2001 and references therein) and therefore should not be considered reliable. However, a B5-B9 type has also been claimed by other authors (see Table 1 ). On the other hand, Racine (1968) and Strom (1974) . In the following, we will adopt a distance of 300-400 pc.
As for the position in the HR diagram, Table 2 lists several estimates of log(T eff ) and log(L/L ⊙ ) found in literature. The table highlights the existing uncertainties, mainly because of different assumptions on the ST, on the visual absorption and on the apparent visual magnitude of VV Ser which varies by tenth of magnitude on time scales of weeks. -Rotational velocity: Another source of uncertainty in the analysis of VV Ser is represented by its rotational velocity. Table . 1 reports four independent measurements of v sin i found in the literature. The values reported by Hillenbrand et al. (1992) and Mora et al. (2001) are in fair agreement, whereas those given by Grady et al. (1996) and Vieira et al. (2003) are significantly different. More in detail, we were not able to find the source of the v sin i reported by Hillenbrand et al. (1992) who quoted the studies of Finkenzeller (1985) and Davis, Strom & Strom (1983) that however do not give a value for VV Ser. Similarly, the low v sin i reported by Gray & Corbally (1998) cannot be verified because it is quoted as private communication. Finally, the v sin i measured by Mora et al. (2001) is somewhat uncertain because it relies on just one line, the MgII 4481Å line.
Thus, the rotational velocity of VV Ser is still uncertain, even if there are indications that it could be larger than 100 km/s. This possibility will be taken into account in the interpretation of the data (see Section 5).
In conclusion, the empirical estimate of the stellar parameters of VV Ser is still plagued by large errors. However, as we will discuss in Sect. 5, the pulsational analysis of the detected frequencies can help to reduce the uncertainty on luminosity, effective temperature and mass.
Observations and data reduction
The observations of VV Ser have been carried out in several runs during 2002, 2003 and 2004 (a detailed observational log is given in electronic form in Table . 1), using the Loiano 1.5m telescope equipped with the BFOSC instrument (see http://www.bo.astro.it/loiano/index.htm for a detailed description of the telescope and of the instruments). The CCD is a EEV 1340x1300 pixels with individual size of 0.58 arcsec, for a total field of view of 13 ′ × 13 ′ . In total, about 55 hours of observations have been gathered in the Johnson V filter.
The comparison star used was USNO-A2.0 0900-12930815 (18 h 28 m 33.535 s +00
• 02 ′ 25.71 ′′ J2000) which is about 7.3 m away from VV Ser, allowing to observe both stars in a single BFOSC frame. We note that this star has already been used as comparison for VV Ser by Fernández (1995) who found it stable at a level of 0.02 mag and with an apparent magnitude and color of V = 12.28 mag (B − V ) = 0.89 mag, respectively.
All the data have been reduced following the usual procedures (de-biasing, flat-fielding) by using standard IRAF routines. The aperture photometry has been carried out using routines written in the MIDAS environment. The typical precision of the data was of about 4, 6, and 3 The observed light curves for the different datasets are reported in Fig. 1 . It is evident that VV Ser displays midterm variations on time scale of days, in addition to the pulsation on time scale of hours. In order to eliminate these night-to-night variations and to prepare the data for Fourier analysis, we decided to detrend the data to a common average zero value. Then, we used the period04 package (Lenz & Breger 2005) and 53210 for which a simple average was subtracted. As a result, we show in Fig. 2 the light curves for the three datasets after the detrending procedure. Before proceeding with the frequency analysis of the ob- In all the panels, the solid line displays the fit to the data with all the significant frequencies found for each dataset, as listed in Table 3 . tained time series, we would like to discuss more in detail the mid-term light variations with period of the order of 2 d which have been removed from the data as described before. To investigate further this point, we fitted a sinusoid with the period P=2.2 d (frequency 0.45 c/d) found using the 2004 data (HJD=53182-53186) to the three datasets, leaving the amplitude and phases as free parameters (to this aim we added 0.03 mag to the photometry obtained during the nights with HJD=53209 and 53210). The result is shown in Fig. 1 by a solid line: the fit is fairly good also for the 2002 dataset, whereas it is worse for the 2003 dataset. In conclusion, a periodicity of the order of 2 d seems to be present in VV Ser. It is worth to note that analysing six year data Shevchenko al. (1993) found both a long-term periodicity (around 1000 d) and a short-term periodicity (which they quote as uncertain) of 3.9 d. Even if there is a discrepancy between Shevchenko al. (1993) 's results and ours, the short-term periodicity could be real. The physical origin of this kind of periodicity is not easily understood and in any case is not the subject of this paper. However, such short-term variability in Herbig Ae stars is generally attributed to rotational modulation due to magnetic activity (see e.g. Catala et al. 1999) .
Frequency analysis
The detrended time series shown in Fig. 2 have been analysed by using again the period04 package (Lenz & Breger 2005) , based on the Fourier transform method. For a better interpretation of the results, we have first calculated the spectral window (SW) for each dataset. The result is shown in Fig. 3 where from top to bottom we report the SW for the three time series identified in the previous section (see labels in the figure) . The SW was used as a diagnostic to distinguish between real and spurious frequencies. Each data set described in the previous Section has been analysed separately. 9%, 99% and 90% confidence levels calculated following the widely used recipe by Breger et al (1993) and Kuschnig et al. (1997) . The error on the measured frequencies (apart from the ± 1 c/d alias) can be roughly estimated from the FWHM of the main lobe in the spectral window (see Alvarez et al. 1998 and references therein). As a result, we found ∆f ∼ 0.14 c/d, 0.22 c/d and 0.04 c/d for the 2002, 2003 and 2004 datasets. For the last dataset, due to the complex structure of the main lobe of the spectral window, in order to be conservative, we doubled the nominal error. It is important to emphasize that all the frequencies reported in the following are affected by the indetermination due to the 1 c/d alias.
All the significant frequencies found for the three datasets are summarized in Table 3 . A fit to each dataset with the quoted frequencies is shown in Fig. 2 by a solid line. In order to discuss in detail the results of the frequency analysis, we will take as reference the frequencies obtained with the best dataset, that of 2004.Then, we find:
-f 1 = 6.12 c/d: it is found in all datasets within the quoted errors. The first frequency in 2002 is clearly the -1 c/d alias (this periodicity has also the same amplitude as in 2004), whereas in 2003 it has a significantly lower amplitude, owing to the poor quality of the dataset and/or to a possible change in amplitude (common occurrence among δ Scuti stars) -f 2 , f 3 , f 6 , f 7 : they have been found only in the 2004 dataset. We note that f 7 would be exactly twice f 1 if we took the -1 c/d alias, therefore it could be a nonindependent frequency. Moreover it is only partially significant (90%). Although these three frequencies are not equivalent within the errors, we will assume that they represent the same frequency because of the similar amplitudes.
In the following, we will use the set of 6 significant frequencies extracted from the 2004 dataset for comparison with theoretical models.
Comparison with theory
We now attempt to use the frequency data reported above to carry out a preliminary comparison of the available observables with theoretical models. To do so, we consider the observed location of the star in the theoretical HR diagram and how a tentative mode identification of the observed frequencies can constrain the stellar mass. Because the outcome depends strongly on the assumptions, we will also evaluate the effects of the uncertainties on the results.
Location in the HR diagram
In order to compare the observations with the theoretical predictions, it is necessary to estimate the position of VV Ser in the HR diagram. As discussed in Section 2, spectral type and distance to VV Ser are quite uncertain. First, we have estimated the T eff value from the adopted spectral type A2±2 subclass by using the Schmidt-Kaler (1965) conversion tables, noting that for these relatively earlytypes these values are in agreement with the more recent estimates of, e.g., Kenyon & Hartmann (1995) (see their Table A5 ) . As a result, we obtain T eff =9000±1000 K. Concerning the luminosity, we decided to investigate all the values in the range 1.3 < log L/L ⊙ < 2.3, covering the empirical estimates in the literature. The studied region is represented by the large box in the HR diagram shown in Fig. 5 that includes a set of PMS evolutionary tracks computed using the CESAM code (Morel 1997 , Marques et al. 2004 ) for stellar masses from 1.5 to 4.5 M ⊙ , and the theoretical instability strip computed for the first three radial modes by Marconi & Palla (1998) , on the basis of nonlinear convective pulsation models. We note that for the estimated effective temperatures of VV Ser we do not expect pulsation in the first three radial modes since the predicted instability strip is cooler at each luminosity level. We might instead expect pulsation in higher radial overtones and/or in nonradial modes. In fact the instability strip is predicted to move toward higher effective temperatures as the radial overtone increases (see Grigahcène et al. 2006 ).
Oscillation frequencies
In order to evaluate the sensitivity of the predicted periodicities to the input stellar parameters, we computed a fine grid of structure models along the CESAM evolutionary tracks covering a mass range from 2.2 to 4.0 M ⊙ and effective temperatures from ∼ 8000 K to ∼ 10,000 K. The physical properties of the selected PMS models are reported in Table . 2 (available in electronic form).
For each model, frequencies for l=0,1,2 1 modes were computed using the Aarhus adiabatic nonradial pulsation code (ASTEChttp://astro.phys.au.dk/∼jcd/adipack.n/) and compared with the observed periodicities. The range covered by the predicted frequencies depends on both the stellar mass and the effective temperature, moving toward higher values as the stellar mass (effective temperature)
1 The reason why we consider only l=0,1,2 modes is that, as noticed by other authors (see e.g. Suran et al. 2001 , Baglin et al. 2000 , these modes are expected to be easily detectable, as their visibility coefficients remain large after integration over the whole stellar disk. It is also shown the location of the theoretical instability strip for the first three radial modes predicted by Marconi & Palla (1998) on the basis of nonlinear convective pulsation models. The empty circles represent the 32 models run for the pulsational analysis. The filled symbols are for the best fit models discussed in Section 5. decreases (increases) at fixed effective temperatures (mass). In Figs. 6-9 the predicted frequencies with l=0 (filled symbols connected by dotted lines), l=1 (filled symbols connected by long dashed lines) and l=2 (filled symbols connected by dashed lines) are compared with the empirical periodicities (labelled horizontal solid lines) for the labelled masses and effective temperatures.
We find that the three lowest frequencies, namely f 2 , f 3 and f 4 , cannot be reproduced simultaneously by p modes in the explored mass and effective temperature range. In particular, f 2 is only consistent with a g mode (l=1,2 with n < 0) unless the effective temperature is much lower than the estimated empirical range. To illustrate this point, we show in the left bottom panel of Fig. 9 the plot for a significantly cooler model (T eff =6997 K) with M =4.0 M ⊙ . In this case, the range of the three lowest observed frequencies is covered with the predicted l = 0, n = 0, 1, 2 modes, with f 2 close to the theoretical result for the fundamental mode. Pulsation in these low order radial modes at such a low effective temperature is also expected on the basis of the location of the predicted instability strip (see Fig. 5) .
A tentative mode identification based on the various plots is summarized in Table . 3, available in electronic form. Model frequencies are required to match the observed ones within 2.5µHz, in order to take into account both the mean error on the measured periodicities (∼ 0.5 µHz) and an estimate of the (unknown) model intrinsic uncertainty. The models reproducing all the observed frequencies with l=0,1,2 p and/or g (or f ) modes are the ones reported in Table 4 and shown in Fig. 5 as filled circles. The stellar mass and luminosity associated with these models range from 3.6 to 4.0 M ⊙ and from 125.2 to 207.6 L ⊙ . To remove the degeneracy on the model solution, an independent empirical estimate of the large separation would be very important. However, the evaluation of the large separation from the frequency power spectrum would require more accurate, long-time data. Table 4 . Preliminary mode identification as a function of the explored model input parameters for models reproducing all the seven observed frequencies. The mass is in solar units (M ⊙ ) and effective temperature is in K. We note that, among the best-fit models, mod37 is inside the theoretical instability strip for the three lowest radial modes, so that f 2 and f 3 are correctly reproduced by pulsation in the fundamental and the second overtone, respectively. In this case all the seven observed frequencies can indeed be reproduced by p modes. Therefore, the results seem to suggest that either the effective temperature found in the literature is significantly overestimated, or that we have to admit the possibility of pulsation in at least one g mode.
Available studies point towards the existence of unstable low degree p-modes in PMS stars. Consequently, in the above analysis, models with p-modes in the observed frequency range have been preferred. The possibility that g-modes are also excited to the observed amplitudes has yet to be confirmed by a detailed theoretical analysis of the excitation mechanisms of such modes in young stars and supported by observational mode identification. A more detailed analysis (theoretical and observational) in this direction is clearly required.
Effect of rotation on mode identification
Here, we give a simplified, preliminary account of the effect of rotation on nonradial modes using the asymptotic relation for the rotational displacement. This is given by mf rot , where m is the spherical harmonic number and f rot = (v rot sin i)/(2πR sin i) the rotational frequency. The term v rot sin i can be taken from published values. According to Sect. 3, the rotational velocity varies between a minimum of v rot sin i ∼85 km/s and a maximum of 200 km/s. For the sin i term in the denominator, we need to make an assumption on the inclination angle i. For simplicity, we consider two extreme cases, namely i 1 = π/4 and i 2 = π/2. Finally, for the theoretical radius we take the values of our best-fit models as given in Table 4 . Adopting v rot sin i =200 km/s, we find a rotational splitting 8.5(17) ≤ ∆f 1 ≤ 14.6(29.2)µHz and 6(12) ≤ ∆f 2 ≤ 10.3(20.6)µHz for m = ±1(2), respectively. Conversely, for a velocity of 85 km/s the splittings are reduced to 3.6(7.2) ≤ ∆f 1 ≤ 6.2(12.4)µHz and 2.5(5.0) ≤ ∆f 2 ≤ 4.4(8.8)µHz for m = ±1(2), respectively. We have also calculated the upper limit of ∆f under the extreme assumption of v < v breakup , where v breakup is the break up velocity for the models reported in Table 4 , yielding ∆f m ax ∼ 20µHz and thus suggesting that the rotational splitting might introduce significant error bars on the theoretical mode identification.
On the other hand, if we assume that the measured periodicity at 2.2 d is associated with rotation, we derive a rotational splitting of ≃ ±5(10)µHz for m = ±1(2), in better agreement with the values m × 2.5 to m × 4.4µHz obtained for a rotational velocity of 85 km/sec and a radius range covered by the best fit models reported in Table  4 and a star seen close to edge-on (i = π/2). Thus, these initial results seem to indicate that rotation may affect significantly the theoretical mode identification, with larger radii providing smaller rotational splitting for a given rotational velocity. However, since rotation alters the structural and evolutionary properties of stellar models, an accurate estimate of the effects on mode identification can only be obtained by a specifically designed numerical code that incorporates all the relevant physical ingredients (see e.g. Reese et al. 2006 ). The two panels refer to the labelled effective temperatures. When a predicted frequency reproduces an observed one the corresponding filled symbol (along the given l slanting line) is located at the intersection with the horizontal line representing the observed value. Fig. 7 . The same as for Fig. 6 but for 3.6 M ⊙ (bottom panels) and 3.7 M ⊙ (upper panels). 
Conclusions
We have detected δ Scuti-type pulsation in the Herbig Ae star VV Ser on the basis of ground-based observations carried out during three consecutive years. In particular, using the best dataset obtained in 2004 seven pulsation frequencies have been measured with values ranging from 2.69 to 10.24 c/d. These results allow to include VV Ser in the list of known PMS stars with δ Scuti variations ( Zwintz et al. 2004 . In order to compare the extracted periodicities with model predictions, we have considered a large empirical range both in luminosity and effective temperature, reflecting the existing uncertainties on the stellar properties. Within this space of physical parameters, we have computed a fine grid of inner structure models along the CESAM evolutionary tracks. The corresponding pulsation frequencies for l=0,1,2 modes have been evaluated by means of the ASTEC code and compared with the observed ones by requiring an agreement within 2.5 µHz.
As a result, we find a number of best fit models corresponding to PMS stars with mass 3.6-4.0 M ⊙ and luminosity log L/L ⊙ ≈2.1-2.3 that reproduce the seven observed periodicities with radial and/or nonradial p and g modes. Such an independent confirmation of the fundamental stellar parameters range previously estimated for VV Ser is an important byproduct of the main objective of asteroseismology (which will be addressed in a future work, requiring more and better observations and more accurate modelling), i.e. of sensing the internal structure of the star. We also notice that if the effective temperature is significantly lower (∼ 7000 K) than the values based on the empirical spectral types (≃ 9000 K), we are able to reproduce all the observed periodicities with p modes for a stellar mass of 4 M ⊙ and a luminosity of 125 L ⊙ . An accurate spectral type determination of VV Ser is urgently needed in order to discriminate among the different solutions. In the meantime, the present analysis seems to indicate a stellar mass in the range of the largest masses expected (and indeed observed) for this class of pulsators. The possible effect of rotation on the predicted frequencies depends on the adopted estimates of the rotational velocity and inclination angle, as well as on the stellar radius. If the measured periodicity at 2.2 d is interpreted in terms of rotation, the corresponding rotational splitting is of the order of m × 5µHz. Finally, we note that further photometric observations of VV Ser, especially by means of multisite campaign, would be of great help to better define the frequency spectrum and to eliminate the uncertainty on the observed frequencies due to the 1 c/d alias. 
